Aging and the progression of certain degenerative diseases are accompanied by increases in intracellular f luorescent material, termed ''lipofuscin'' and ceroid, respectively. These pigments are observed within granules composed, in part, of damaged protein and lipid. Modification of various biomolecules by aldehyde products of lipid peroxidation is believed to contribute to lipofuscin and ceroid formation. However, little direct evidence currently exists because the structures responsible for the f luorescent, cross-linked nature of this material are not well characterized. In this study, we have identified a f luorescent product formed in the reaction of N ␣ -acetyllysine and 4-hydroxy-2-nonenal (HNE), a major product of lipid peroxidation and the most reactive of these compounds under physiological conditions [Esterbauer, H., Shaur, R. J. & Zollner, H. (1991) Free Radical Biol. Med. 11, 81-128]. This f luorescent compound, characterized as a 2-hydroxy-3-imino-1,2-dihydropyrrol derivative, appears to form upon oxidative cyclization of the nonf luorescent 2:1 lysine-HNE Michael adduct-Schiff base cross-link. Polyclonal antibody was raised to the N ␣ -acetyllysine-HNE f luorophore and found to be highly specific to the chromophore structure of the compound. This antibody has been used to conclusively demonstrate that the lysine-HNE derivative of this f luorophore forms on protein upon exposure to HNE. The results of this study therefore provide the basis for future investigations on the contribution(s) of HNE-derived f luorophore formation to lipofuscin and ceroid accumulation.
Aging and the progression of various degenerative diseases are accompanied by the accumulation of fluorescent pigments, lipofuscin and ceroid, within intracellular granules of postmitotic cells (for review, see [1] [2] [3] . The histochemical and physical properties of lipofuscin and ceroid granules suggest that they are residual lysosomal bodies containing cross-linked aggregates of damaged cellular components (1) (2) (3) . These pigments may therefore represent recognition and sequestration of damaged, nondegradable biomaterial by lysosomes. Although little direct evidence currently exists, it has been widely theorized that damage to cellular organelles by oxidative processes, in particular lipid peroxidation, contributes to lipofuscin and ceroid formation. This theory is based primarily on observations that incubation of various amine-containing compounds with lipid peroxidation products, such as malonaldehyde or 4-hydroxy-2-nonenal (HNE), results in the appearance of fluorescence reminiscent of lipofuscin and ceroid (excitation and emission maxima of 340-390 nm and 400-600 nm, respectively) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . In addition, exposure of tissue homogenates to conditions which promote lipid peroxidation leads to increases in overall fluorescence (14) (15) (16) (17) .
We have previously demonstrated that exposure of the model protein glucose-6-phosphate dehydrogenase (Glu-6-PDH) from Leuconostoc mesenteroides to HNE results in enzyme inactivation, mainly because of reaction of the -amino group of an active site lysine residue with the double bond (C3) of HNE forming a 1:1 lysine-HNE Michael adduct (18) . Enzyme inactivation is followed by the appearance of crosslinked protein. Protein cross-linking results from reaction of the -amino group of two lysine residues with one molecule of HNE, one at the double bond (C3) and the other at the carbonyl group (C1) (19) . In addition, cross-linking of protein by HNE is associated with the appearance of fluorescence ( ex ϭ 340 nm, em ϭ 415 nm) reminiscent of lipofuscin and ceroid (9) . Furthermore, we found that HNE cross-linked, fluorescent protein is resistant to proteolysis and acts as a potent noncompetitive inhibitor of the multicatalytic protease͞ proteosome, a proteolytic complex believed to be involved in the degradation of oxidatively modified forms of protein (9, 20) . Thus, these observations suggest that modification of protein by HNE is involved in the age-and disease-related accumulation of oxidized protein, lipofuscin, and͞or ceroid.
The goal of this study was to identify HNE-derived fluorophore(s) formed upon treatment of protein with HNE and to develop immunochemical methods for their detection. Based on results of previous experiments indicating the requirement for amino groups in fluorophore formation (4-14), we synthesized and characterized the structure of a fluorophore produced in the reaction of N ␣ -acetyllysine (NAL) with HNE. In addition, we prepared and immunopurified polyclonal antibody highly specific to the HNE-derived chromophore of the 2:1 NAL-HNE fluorophore (NAL 2 HNE f ). As judged by immunochemical analysis, treatment of protein with HNE in vitro can lead to the formation of the fluorescent chromophore identified in model reactions. The results of this study therefore provide the basis for future investigations on the role of this fluorescent, HNE-derived protein modification in the accumulation of lipofuscin and ceroid during aging and the progression of certain diseases. While this work was in progress, we noted with interest the publication by Itakura et al. (21) on the structure of a fluorescent compound formed from the reaction of HNE with N ␣ -hippuryllysine. In addition, Xu and Sayre (22) proposed the analogous structure for a product from the reaction of 4-hydroxy-2-hexenal with nbutylamine.
L-lysine from Sigma; 4-aminobutyric acid, ethyl 4-aminobutyrate hydrochloride, and ethylamine from Aldrich; 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) from Pierce. Glu-6-PDH from L. mesenteroides and carbonic anhydrase (CA) were obtained from Worthington. Keyhole limpet hemocyanin (KLH) was purchased from Pierce. I-Block for Western blot analyses was from Tropix (Bedford, MA).
HPLC. HPLC analyses were performed on a HewlettPackard model 1090 liquid chromatograph equipped with a Hewlett-Packard diode array UV detector and a HewlettPackard 1046A fluorescence detector.
Mass Spectral Analyses. Fast atom bombardment mass spectra were obtained from a JEOL SX-102 mass spectrometer operating at an accelerating voltage of 10 kV. Sample ions were desorbed from the matrix (magic bullet) by using six-ke xenon atoms.
NMR. NMR experiments were carried out using a Varian UNITYPlus 600 MHz NMR spectrometer. A Varian 5 mm 1 H͞X indirect z axis-pulsed field gradient probe was used. H-correlated spectroscopy experiments were performed. Preparation of 4-Hydroxy-2-nonenal (HNE). HNE dimethylacetal was synthesized as described (23) . The dimethylacetal was hydrolyzed to HNE with 0.05% trifluoroacetic acid (TFA) in a 50% acetonitrile solution in water. HNE was purified by reversephase HPLC (Vydac C18 column, 1 ml͞min, 0-50% acetonitrile vs. water, 0.05% TFA, in 0-20 min). The concentration of HNE was determined by absorbance at 224 nm by using 224 , phosphate ion, and oxygen, were allowed to react at 37°C under agitation. Aliquots of the reaction mixture were withdrawn and analyzed by reverse-phase HPLC (Vydac C18 column, 1 ml͞min, 0-50% acetonitrile vs. water, 0.05% TFA, in 0-20 min). Products were detected by UV absorbance at 210 and 360 nm. Fluorophore production was quantified by measuring the area of absorbance at 360 nm under the peak with a retention time of 13.9 min.
Preparation of the NAL-HNE Fluorophore (1a). NAL (4.7 g, 25 mmol) was dissolved in 25 ml of 0.2 M Na 2 HPO 4 , pH 7.4. To this mixture was added a solution of HNE (75.5 mg͞0.48 mmol, in 25 ml of water). The pH of the reaction mixture was adjusted to pH 7.4, and 50 l of 100 mM CuSO 4 was added. The reaction was allowed to proceed at 37°C for 5 days with constant agitation. The reaction flask was exposed periodically to room air and the mixture vortexed to ensure the presence of oxygen. The fluorophore was isolated by three successive HPLC runs over a reverse-phase column (Vydac C18). The first purification step was accomplished by an acetonitrilewater (0.05% TFA) gradient (0-50% acetonitrile in 20 min). The subsequent two HPLC runs used a methanol-water (0.05% TFA) gradient (0-50% methanol in 20 min). The collected fractions were concentrated under a gentle stream of nitrogen and then lyophilized to yield a light yellow solid, 10 
General Procedure for the Reaction of HNE with Primary
Amines. An amino compound (1.65 mmol) was dissolved in 10 ml of 0.2 M Na 2 HPO 4 buffer containing 100 M CuSO 4 . The pH was adjusted to 7.2. To this mixture was added HNE (0.165 mmol) in 2.5 ml of acetonitrile. The reaction mixture was stirred in a 37°C water bath for 5-20 days. The progress of the reaction was monitored by HPLC analysis at intervals. At optimal production of fluorophore, the reaction was stopped by acidification with TFA. The mixture was evaporated in a rotoevaporator at 37°C under reduced pressure. The resulting syrupy residue was triturated repeatedly with ethanol, which dissolved the fluorophore. The precipitated salts were removed by filtration. The combined ethanol filtrates were purified by HPLC. The fluorophore was collected and analyzed by fast atom bombardment͞MS. The results are tabulated in Table 2 . These compounds all exhibited ex ͞ em at 360͞430 nm.
Incubation of Protein with HNE. Glu-6-PDH from L. mesenteroides or CA was suspended in 50 M K 2 HPO 4 and 200 mM KCl (pH 7.4) by passage through a PD-10 column (Pharmacia) previously equilibrated with the buffer. The reaction was initiated by addition of 10 mM HNE to an equal volume of protein (5.0 mg͞ml) in 50 mM K 2 HPO 4 and 200 mM KCl (pH 7.4) and allowed to proceed at 37°C. After 0, 0.5, 1.0, 2.0, and 4.0 h, an aliquot of the reaction mixture was treated with 5.0 mM NaBH 4 in 0.1 mM NaOH for 5 min to stabilize the nonfluorescent 2:1 amino acid-HNE protein cross-links as previously described (9, 19) . We have determined that the 2:1 lysine-HNE fluorophore is not reduced under these conditions (not shown). After neutralization with 1 M HCl, the protein solution was passed over a PD-10 column with 100 mM Na 2 HPO 4 (pH 7.4) as eluant.
Preparation of Polyclonal Antibody to NAL 2 HNE f (1a). Fluorophore-linked KLH was prepared by reacting 2.0 mg KLH, 3.5 mg NAL 2 HNE f (1a) (6.9 mol), and 0.5 mg EDC (2.6 mol) in 750 l of 0.1 M Mes and 0.9 M NaCl (pH 4.7). After 2 h at 25°C, unreacted NAL 2 HNE f (1a) and reaction byproducts were removed by gel filtration over a PD-10 column with 0.083 M Na 2 HPO 4 and 0.9 M NaCl, stabilizers (pH 7.2) (Pierce) as eluant.
Immunization Protocol. Polyclonal antibody was generated in New Zealand White female rabbits. To initiate the immunization protocol, a 0.5 ml aliquot of fluorophore-linked KLH (1.0 mg͞ml) was diluted with an equal volume of Freund's incomplete adjuvant and injected into the rabbit (intradermal back). Thereafter, booster injections (125-250 g of immunogen diluted in Freund's incomplete adjuvant, s.c. dorsal) were made every 21 days. Test bleeds were obtained 10 days after each innoculation and antibody titer was monitored by ELISA.
Immunopurification of Polyclonal Antibody. An affinity column was prepared by covalent attachment of NAL 2 HNE f (1a) to agarose-immobilized diaminodipropylamine (Pierce) via EDC coupling. Brief ly, 0.15 mg (0.29 mol) of NAL 2 -HNE f ( 360 ϭ 11, 250 M Ϫ1 ⅐cm
Ϫ1
) was dissolved in 3.0 ml of 0.1 M Mes (pH 4.7). The NAL 2 HNE f solution was incubated with 2.0 ml of 50% agarose-immobilized diaminodipropylamine slurry (Pierce) for 2 h (25°C), and the affinity column washed with 10 mM Na 2 HPO 4 , 100 mM KCl (pH 7.4), and 100 mM glycine (pH 2.8). After equilibraion of the column with 10 mM Na 2 HPO 4 and 100 mM KCl (pH 7.4), 0.9 ml of antisera was mixed with 1.8 ml of the same buffer, applied to the column, and incubated at 25°C for 1 h 15 min. The column was washed extensively with 10 mM Na 2 HPO 4 and 100 mM KCl (pH 7.4) followed by elution of anti-NAL 2 HNE f by using 100 mM glycine (pH 2.8). The pH of the antibody solution was adjusted to 7.4 by adding an appropriate volume of 1.0 M Tris, pH 8.0. Before use, an equal volume of glycerol was added to the antibody solution. As determined by using the bicinchoninic acid protein assay with BSA as standard, 2.8 mg of immunopurified antibody is typically obtained from 0.9 ml of antisera. Antibody Characterization by ELISA. Coating antigen was prepared by covalently linking NAL 2 HNE f (1a) to CA via EDC coupling. Typically, 0.4 mg of NAL 2 HNE f (0.8 mol) in 100 l of water was mixed with 0.88 mg of CA in 0.5 ml of 20 mM Na 2 HPO 4 and 0.1 M NaCl (pH 7.2). To this solution was added 0.15 mg (0.8 mol) of EDC⅐HCl. The reaction was allowed to proceed for 2 h at 25°C. The NAL 2 HNE f -linked CA was passed over a PD-10 column with the same buffer as eluant. The degree of fluorophore incorporation was determined after HPLC purification of NAL 2 HNE f -linked CA (Vydac C18 column, 0-50% acetonitrile vs. water, 0.05% TFA, in 20 min). Protein concentration was determined by using the bicinchroninic acid assay with BSA as standard. Fluorophore content was estimated by comparing the intensity of signal at 360 nm with a standard curve constructed by using known quantities of NAL 2 HNE f (1a). In general, under the conditions of our coupling reactions, Ϸ2.5 nmol of fluorophore was linked to 1.0 mg of carbonic anhydrase.
In a typical ELISA, an aliquot of coating antigen solution was diluted into 0.2 M NaHCO 3 ͞Na 2 CO 3 buffer, pH 9.4 and applied to a microtiter plate. After 1 h at 25°C, the wells were rinsed with 3 ϫ 100 l of PBS containing 0.05% Tween-20 and 0.1% BSA (wash buffer) and blocked (1% BSA in PBS) for 1 h (25°C). A 100 l aliquot of anti-NAL 2 HNE f antibody (28 g͞ml in blocking buffer) was applied to the wells and incubated for 1 h (25°C). In competition studies, varying concentrations of competitors were added to the wells before addition of primary antibody. The wells were then rinsed with 3 ϫ 100 l of wash buffer and incubated in 100 l goat anti-rabbit IgG conjugated to alkaline phosphatase (Pierce, 1:7500 in blocking buffer) for 1 h (25°C). After 3 ϫ 100 l rinses with wash buffer and 2 ϫ 100 l rinses with 20 mM Tris⅐Base, pH 9.8, containing 1 mM MgCl 2 (assay buffer), a 100-l aliquot of 1 mg͞ml p-nitrophenyl phosphate (PNPP, Pierce in assay buffer) were added. The microtiter plate was then read in a Bio-Rad model 500 microplate reader (405 nm) in the kinetic mode (30 min at 25°C). Typically, two readings͞ min were taken. Relative rates of p-nitrophenyl phosphate hydrolysis, within the linear range, were then used to evaluate primary antibody binding.
Western Blot Analysis. Samples were subjected to SDS͞ PAGE and Western blot analysis. Briefly, 2.0 g͞lane of protein solution was applied to a series of two 10% polyacrylamide gels. One gel was stained with Coomassie blue to visualize the protein distribution. The other gel was used to electroblot proteins onto a nitrocellulose membrane (0.45 m). Membrane-immobilized proteins were incubated with anti-NAL 2 HNE f diluted 1:2000 into blocking buffer (0.2% I-block in PBS containing 0.l% Tween-20) overnight at 25°C. After 3 ϫ 10-min washes with PBS containing 0.1% Tween-20 (wash buffer), the membrane was incubated with goat antirabbit IgG conjugated to alkaline phosphatase (Tropix, diluted 1:10,000 in blocking buffer) for 1 h at 25°C. The membrane was then rinsed 3 ϫ 5 min with wash buffer and 2 ϫ 5 min with assay buffer (20 mM Tris base, pH 9.8, containing 1 mM MgCl 2 ). After incubation with a chemiluminescent alkaline phosphatase substrate (1.25 mM CSPD and 1 mg͞ml NitroBlock from Tropix in assay buffer), antibody binding was visualized by autoradiography.
RESULTS AND DISCUSSION
Formation of Fluorophore from NAL and HNE. Reaction of NAL (0.5 M) with HNE (10 mM) in Na 2 HPO 4 (0.1 M, pH 7.4) at 37°C for 20 h resulted in the formation of a compound which could be resolved by reverse-phase HPLC (Fig. 1) and exhib-FIG. 1 . HPLC resolution of products formed in the reaction of NAL and HNE. NAL (94.0 mg) was reacted with HNE (1.56 mg) in 0.1 M Na2HPO4, pH 7.4 (Vrxn ϭ 1.0 ml) for 20 h at 37°C. A 25 l aliquot of the reaction mixture was analyzed by reverse-phase HPLC by using a Vydac C18 column (Materials and Methods). The elution profile was obtained by monitoring absorbance at 360 nm. (Inset) The major 360 nm-absorbing peak was collected and the fluorescence spectrum obtained by using a Shimadzu RF-5301 spectrofluorimeter (ex ϭ 360 nm, em ϭ 430 nm).
Scheme. Formation of N␣-acetyllysine-HNE fluorophore.
Biochemistry: Tsai et al.
Proc. Natl. Acad. Sci. USA 95 (1998) ited a UV absorbance maximum of 360 nm. This compound was fluorescent, with excitation and emission maxima at 360 and 430 nm, respectively (Fig. 1, Inset) . To characterize this fluorophore and develop methods for its detection in biological samples, it was desirable to optimize the conditions of its formation. We therefore determined the effects of relative concentrations of HNE and NAL, pH, and the presence or absence of Cu 2ϩ , phosphate, and oxygen on fluorophore yield (not shown). These experiments indicated that formation of the fluorophore required a large excess of NAL to HNE (50:1 in these studies) and the presence of phosphate (optimal pH of 7.4) and oxygen. In addition, the reaction was catalyzed by Cu 2ϩ (100 M), suggesting the involvement of oxidative events in fluorophore production. Thus, the preparation of a small amount of this fluorophore was archived (Materials and Methods). Analysis by fast atom bombardment͞MS gave a quasimolecular ion of 511 (MH ϩ ), suggesting that the fluorophore was derived from one molecule of HNE and two molecules of NAL. High resolution mass measurement generated an empirical formula of C 25 H 42 N 4 O 7 (Materials and Methods). This formula is four hydrogen atoms less than that of the 2:1 NAL-HNE Michael-Schiff base adduct (C 25 H 46 N 4 O 7 ) , indicating an oxidative process in its formation. The molar absorptivity of the fluorophore was estimated to be 11,250 M Ϫ1 ⅐cm
Ϫ1
at 360 nm from measurements of mass and UV absorbance (aqueous solutions, pH 7.0). The 1 H and 13 C NMR spectra (Table 1) are consistent with structure 1a (Scheme), a 2-hydroxy-3-imino-1,2-dihydropyrrol derivative, as proposed by Itakura et al. (21) as well as by Xu and Sayre (22) for similar compounds. We have demonstrated the general nature of this reaction by observation of the formation of analogous fluorophores from the reaction of HNE with a number of primary amines ( Table 2 ). All these compounds show the 360͞430-nm excitation͞emission maxima. Their polar nature is reflected by their solubility in water or methanol. They are stable at slightly acidic pH, presumably due to protonation of the Schiff base nitrogen. Under alkaline conditions (pH Ն 9.0), they decompose upon standing, as shown by the gradual disappearance of fluorescence. However no discrete degradation products have yet been identified.
Antibody Sensitivity and Specificity. Polyclonal antibody was raised to NAL 2 HNE f -linked KLH. After immunopurification (Materials and Methods), the binding properties of anti-NAL 2 HNE f were characterized by ELISA. Under the conditions described in Materials and Methods, the antibody could readily detect as little as 15 fmol of fluorophore (not shown). As judged by competitive ELISA with NAL 2 HNE flinked CA as coating antigen (1.0 pmol NAL 2 HNE f ͞well), antibody binding was competed by NAL 2 HNE f (IC 50 of Ϸ0.1 M) but not by 1:1 N ␣ -acetylhistidine-and N ␣ -acetylcysteine- (Fig. 2) . It should be noted that, for nonfluorescent NAL-HNE adducts, competition studies were performed with a mixture of 1:1 and 2:1 derivatives (combined concentrations as indicated in Fig. 2 ) because these adducts are not readily resolved by HPLC. Furthermore, NAL 2 HNE flinked CA was not recognized by antibody raised to 1:1 amino acid-HNE Michael adducts (24) . As an additional test of antibody specificity, HNE-treated CA was evaluated by ELISA and Western blot analyses. Exposure of CA to HNE does not result in the formation of cross-linked protein or the appearance of protein-associated fluorescence (not shown). Consistent with these observations, HNE-treated CA was not recognized by anti-NAL 2 HNE f (not shown) but was recognized by antibody raised to 1:1 amino acid-HNE Michael adducts (24) . Thus, immunopurified polyclonal antibody is specific to NAL 2 HNE f (1a) and, under the conditions of these experiments, displays a sensitivity in the femtomol range. Formation of the Fluorophore on Protein. We had previously found that treatment of Glu-6-PDH from L. mesenteroides with HNE for extended periods of time led to the appearance of fluorescent, cross-linked protein (9) . In this study, we have determined that HNE-induced fluorescence was due, at least in part, to formation of structure 1 (R ϭ lysine residues). To induce formation of cross-links and fluorophore(s), Glu-6-PDH (2.5 mg͞ml) was treated with HNE (5.0 mM) at 37°C. At various time points, HNE Michael adducts and nonfluorescent cross-links were reductively stabilized by reaction with NaBH 4 as described (Materials and Methods). These mild conditions (5.0 mM NaBH 4 ͞0.1 mM NaOH, pH 7.5-8.0; 5 min at 25°C) do not result in reduction or decomposition of NAL 2 HNE f (1a) or abolish Glu-6-PDH-associated fluorescence. As judged by ELISA (Fig. 3) , Glu-6-PDH incu- Proc. Natl. Acad. Sci. USA 95 (1998) bated with HNE for 4.0 h (37°C) was recognized by immunopurified anti-NAL 2 HNE f , suggesting that HNE-induced protein fluorescence (9) is due to formation of the lysine-HNE fluorophore 1 (R ϭ lysine residues). The level of antibody binding corresponded to Ϸ0.15 nmol of lysine-HNE fluorophore per milligram of protein relative to an ELISA standard curve constructed by using known amounts of NAL 2 HNE f ͞ well (as NAL 2 HNE f -linked CA). To obtain further evidence that the HNE-derived fluorophore on HNE-treated Glu-6-PDH was identical to that identified in the model reaction between NAL and HNE, competitive ELISA with HNEtreated Glu-6-PDH as coating antigen was performed. As shown in Fig. 3 , antibody binding could be competed by NAL 2 HNE f and by analogous fluorophores produced by reaction of ␥-aminobutyric acid and ethylamine with HNE ( Table 2 ). The kinetics of competition were identical, with the IC 50 for antibody binding being Ϸ0.1 M for each fluorophore tested. These observations demonstrate that the epitope recognized by the antibody is the 2-hydroxy-3-imino-1,2-dihydropyrrol structural feature (1, Scheme) of fluorophores produced by reaction of primary amines with HNE (Table 2) and that this structure (1, R ϭ lysine residues) forms when Glu-6-PDH is exposed to HNE. To evaluate the distribution of fluorophore-modified Glu-6-PDH as a function of time of exposure to HNE, Glu-6-PDH treated with HNE for 0, 0.5, 1.0, 2.0, and 4.0 h was analyzed by SDS͞PAGE and Western blot analysis. As shown in Fig. 4A , this resulted in the formation of cross-linked, multimeric protein, the relative levels of which increased in a time-dependent fashion. Di-and tetrameric forms of Glu-6-PDH, visible in the gel but not readily seen in Fig. 4A , were converted rapidly to aggregated protein under the conditions of our experiments. Increases in the level of multimeric protein were paralleled by increases in the intensity of protein-associated fluorescence (not shown) (9) and in the level of anti-NAL 2 HNE f binding (Fig. 4B) . The distribution of antibody binding indicated that fluorescent, lysine-HNE crosslinks (1, R ϭ lysine residues) were present primarily on multimeric protein (Fig. 4B ). This observation suggests that fluorescent cross-links represent relatively stable end products of HNE modification(s). However, some binding to monomeric protein was evident, indicating the presence of relatively low levels of intramolecular lysine-HNE fluorescent crosslinks (1, R ϭ lysine residues). Thus, these results provide strong evidence that the HNE-derived fluorophore 1 (R ϭ lysine residues) is produced when Glu-6-PDH is incubated with HNE in vitro. In summary, the HNE-derived fluorophore (1a) obtained in the model reaction of NAL and HNE appears to be an oxidative cyclized product of the previously described 2:1 lysine-HNE Michael adduct-Schiff base cross-link (Scheme) (19) . Based on spectroscopic data (Materials and Methods), the proposed structure (1a) is consistent with that reported by Itakura et al. (21) and Xu and Sayre (22) for fluorophores derived from N ␣ -hippuryllysine and HNE and from nbutylamine and 4-hydroxy-2-hexenal, respectively. Polyclonal antibody generated to NAL 2 HNE f (1a) covalently linked to KLH was found to recognize the 2-hydroxy-3-imino-1,2-dihydropyrrol nucleus of 1 ( Table 2 , Figs. 2 and 3 ). As shown in Figs. 3 and 4 , we have used this antibody to demonstrate conclusively that treatment of Glu-6-PDH (2.5 mg͞ml) with HNE (5.0 mM) results in the production of the lysine-HNE fluorophore 1 (R ϭ lysine residues, 0.15 nmol͞mg protein after 4.0 h at 37°C). It should be noted that the fluorescence properties of HNE cross-linked Glu-6-PDH ( ex ϭ 340 nm, em ϭ 415 nm) (9) differ from those of NAL 2 HNE f ( ex ϭ 360 nm, em ϭ 430 nm). This may reflect the presence of other as yet unidentified HNE-derived fluorophores on the protein or changes in fluorescence properties due to protein structure. Thus, experiments seeking direct chemical evidence for the 2-hydroxy-3-imino-1,2-dihydropyrrol nucleus of 1 (R ϭ lysine residues) on HNE-modified fluorescent protein are currently underway in this laboratory.
Accumulation of fluorescent, cross-linked protein aggregates within intracellular granules has been associated with aging (lipofuscin) and with the progression of various degenerative diseases (ceroid) (1-3). Although it has been suggested that the formation of these pigments is due, in part, to modification of proteins by lipid peroxidation products, little direct evidence is currently available. We have previously shown that HNE cross-linked, fluorescent protein is resistant to proteolysis and acts as a potent inhibitor of the multicatalytic protease͞proteosome, an enzyme complex involved in the degradation of oxidatively modified protein (9, 20) . Thus, HNE modifications to protein may contribute to the accumulation of damaged forms of protein as a function of age and disease state. The results of this study and the methods developed are therefore critical to future investigations aimed at elucidating: (i) The relative contribution of HNE-derived fluorophores to lipofuscin and ceroid accumulation in vivo; (ii) the subcellular origin(s) of damaged cellular components present in these heterogenous, fluorescent pigments; (iii) the effects of protein cross-linking and fluorophore formation on specific physiological functions; and (iv) mechanisms by which cells respond to free radical and lipid peroxidation damage.
